Laser-driven c-ray, positron, and neutron source from ultra-intense laser-matter interactions Tatsufumi In ultra-intense laser-matter interactions, c-rays are effectively generated via the radiation reaction effect. Since a significant fraction of the laser energy is converted into c-rays, understanding of the energy transport inside of the target is important. We have developed a Particle-in-Cell code which includes generation of the c-rays, their energy transport, and photo-nuclear reactions. Using the code, we have investigated the characteristics of the quantum beams generated by the transport of the laser-driven c-rays. It is shown that collimated, mono-energetic positron beams with hundreds of MeV are generated by using thick targets. Neutron beams are also effectively generated by using beryllium targets via photo-nuclear reactions. These lead to the proposal of quantum beam sources of c-rays, positrons, and neutrons with distinctive characters, which are selectively generated by choosing target conditions. V C 2015 AIP Publishing LLC.
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I. INTRODUCTION
An increase of laser focused intensity has opened new research fields such as high energy density physics. One of the main topics among them is a quantum beam generation leading to a compact source of high energy electrons, 1,2 ions, [3] [4] [5] and x-rays 6,7 using various plasma dynamics. Positrons are generated using Bremsstrahlung x-rays from laser-accelerated electrons. [8] [9] [10] [11] Neutron beams are also generated from laserplasmas using Bremsstrahlung x-rays 12 or laser-accelerated charged particles. 13, 14 When the laser intensity further increases, the radiation reaction effect on an electron in the laser field plays an important role. The electron loses its energy and momentum through radiation emission while being accelerated by the laser field. As a result, the electron motion becomes dissipative and the laser energy is effectively converted into high energy photons. This leads to the proposal of an extremely short-pulse intense c-ray source, where an ultra-intense laser pulse irradiates on a solid target. 15, 16 Since a significant fraction of laser energy is converted into c-rays in the above situation, understanding of the energy transport inside of the target by laser-driven c-rays as well as charged particles is crucial for exploring the lasermatter interactions. High energy photons interact with nuclei as well as atoms when propagating through solid targets. A relaxation of photon energy spectrum takes place via scattering processes. Positrons and nucleons are generated from c-ray interactions with nuclear electric fields and nuclei, respectively. These processes are taken into account to particle transport codes such as PHITS 17 and GEANT4. 18 These codes are well validated and widely used in the field of nuclear physics. In the case of ultra-intense laser-matter interactions, however, in addition to the c-ray transport inside of the target, the generation process of c-rays by laser-plasma interactions and the energy transport by collective plasma motions are also supposed to be treated consistently.
Then, in our previous work, 19 we have developed a Particle-in-Cell (PIC) code which includes the generation and transport of c-rays in targets in order to explore the energy transport in laser-matter interactions. Here, we consider the laser-matter interactions in the regime where the quantum effect in the radiation reaction is weak, i.e., the Lorentz and gauge invariant parameter v e ¼ e h ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ðF l p Þ 2 q = mcE S $ c e E=E S ( 1, where m; e; c e ; c, and h are the electron rest mass, the electric charge, the electron Lorentz factor, the speed of light, and the Planck's constant, respectively, F l and p l are the field tensor and four-momentum, E is the laser electric field, and E S $ 1:3 Â 10 18 V/m is the Schwinger field. In this regime, the emitted photon energy is relatively smaller than the electron energy and the energy dissipation process can be treated as a continuous damping process. This energy damping is evaluated using Landau-Lifshitz equation in our PIC code as done in Refs. 20 and 21. We then introduce macro-particles of photons as well as charged particles. The energy of the photon macro-particle is determined by randomly sampling the spectral intensity which is evaluated using the synchrotron radiation formula 22 for each electron in each time step, and the weight of the macro-particle is determined to satisfy the energy conservation. Here, the emission of photons with energies higher than 10 keV is included, since we are interested in the photon-matter interactions of laser-driven c-rays. As photon transport processes, Compton scattering, electron-positron pair creations under the nucleus electric field, and photo-nuclear reactions of ðc; pÞ; ðc; nÞ; ðc; 2nÞ, and ðc; aÞ are included. These processes are treated as a Monte-Carlo manner as used in particle transport codes. The modeling of photon-matter interactions in our PIC code is verified using a particle transport code PHITS. 17 The detail of the modeling of photo-interactions in our PIC code is explained in Ref. 19 .
In this paper, using our PIC code, we investigate characteristics of quantum beams generated from laser-driven c-rays such as quasi-mono-energetic positron beams and intense neutron beams. This leads to a proposal of new quantum beam sources of positrons, neutrons, as well as c-rays with distinctive characters with selectivity by choosing laser and target conditions. When we can develop such novel quantum sources, we can drastically improve fundamental science such as explosive nucleosyntheses by photon induced reactions in supernovae, 23, 24 stellar neutron bursts, 25 and material science using positron beams. 26 
II. QUANTUM BEAM GENERATION BY TRANSPORT OF LASER DRIVEN c-RAYS

A. Characteristics of laser-driven c-rays
We first explain a typical simulation condition together with characteristics of photons generated via the radiation reaction effect. A laser pulse having a normalized amplitude of a ¼ 150, duration of 30 fs, and a spot diameter of 4.2 lm (FWHM) irradiates a target from its left hand side (see Fig.  1(a) ). The target is a fully ionized carbon target located at 30 x ½lm 33. An expanding preplasma with a scale length of 2.5 lm is attached in front of the target. This geometry satisfies the high energy coupling from laser to electrons and leads to an effective generation of c-rays. 15 Figs. 1(a) and 1(b) show the distribution of the electrons density and the photon energy density, respectively. The densities are normalized by n cr and n cr mc 2 , respectively, where n cr ¼ x 2 0 me 0 =e 2 is the critical density for the laser angular frequency of x 0 and e 0 is the permittivity of vacuum. The generated c-rays are collimated in the direction deviated from the laser axis with roughly 30 (see Fig. 1(b) ), which is determined from the laser hole-boring velocity.
15 Fig. 1 (c) shows the energy spectrum of the generated photons. The large portion of radiations is higher than 1 MeV, and the spectral peak is located at about 2.0 MeV. The total energy coupling from the laser to the photons is 27% in this calculation.
B. Quasi-mono-energetic positrons generation
In the transport of these high energy photons, electronpositron pairs are generated under the electric field of nuclei.
27 Figure 2 shows the positron density distributions at (a) t ¼ 150 fs and (b) t ¼ 200 fs, where photon emission takes place at around 115 t ½fs 145. The electrons and positrons are generated in the direction almost parallel to the c-rays propagation direction. Some positrons leave from the target and others are reflected at the rear surface (see Fig.  2(b) ) under the effect of quasi-static electric and magnetic fields which are induced by high energy electrons escaped from the rear surface (see Fig. 2(c) ). These two positron components have different energy characteristics. Figure  3(a) shows the temporal evolution of the positron energy spectrum. When positrons are generated (e.g., t ¼ 150 fs), the spectrum has one peak which is located at about 3 MeV. This energy corresponds to the peak of the photon spectrum. At later time, e.g., t ¼ 200 fs, the spectrum has an additional peak at E ¼ 222 MeV. This high energy component is generated due to the acceleration by the sheath electric field induced by the electron jet. The sheath field intensity is E x $ 90 TV/m with a spatial width in the x-direction of about 1:5 lm at t ¼ 160 fs. The energy gain of positrons by the sheath field becomes roughly 135 MeV. This leads the energy spectrum having a dip at 80-90 MeV and a second peak at 222 MeV. This quasi-mono-energetic feature is favorable for applications such as a material science, 26 and the peak energy is significantly higher than the measured energies of tens of MeV with quasi-mono-energeticity. 10 It is noted that positrons with comparable energies without mono-energetic feature are observed in the recent experiments using separate targets for electron acceleration and for pair-creations. 11 The low energy positrons are reflected back to the target due to the azimuthal magnetic field induced by the electron jet. This magnetic field tends to collimate electrons, but reflect positrons towards the target inside due to their opposite charges. The maximum positron energy to be reflected is estimated by considering a test positron motion injected into a region with a magnetic field B z ðxÞ ¼ @A y @x , which is located in 0 x ½lm ' and uniform in the y-direction. Here, ' is the width of the magnetic field region and A y ðxÞ is the vector potential which is assumed as A y ð0Þ 0 for the simplicity. The positron is initially located at x ¼ y ¼ 0, having a momentum p in ¼ ðp in cos h; p in sin hÞ. Here, we consider the positron propagating in the direction of h ! 0 in the magnetic field of B z 0, and the positrons with h 0 are analyzed in the same way. From the energy conservation and the canonical momentum conservation, the condition for the positron to be reflected, i.e., not to penetrate through the magnetic field region, is written as p in eA y ð'Þ=ðsin h À 1Þ. 28 From the simulation, positrons propagate in the direction of h $ 30 , and the magnitude of the magnetic field is 1.2 giga-Gauss with a spatial width of 1.5 lm in x-direction. Then, the maximum kinetic energy of the positrons to be reflected becomes , where the radiation reaction effect plays a minor role. The positron number could also increase by using higher-Z material due to the cross section dependence of Z 2 .
C. Neutrons generation via photo-nuclear reaction
In the case of carbon targets, positrons are predominantly generated by photon-matter interactions. In contrast, using other material, naturally different kind of particles are also generated. A beryllium target is a candidate for generating neutrons via photo-nuclear reactions, since the threshold for the ðc; nÞ reaction is lowest in all stable isotopes. Figs. 5(a) and 5(c) show the neutron energy spectra generated by photo-nuclear reactions for the carbon and beryllium targets, respectively. For the carbon target, the spectrum has the peak around E n ¼ 3:7 MeV. This value is explained from the ðc; nÞ reaction cross section which is plotted in Fig. 5(b) . 29 The cross section has a peak around 22-23 MeV with the neutron evaporation threshold energy of 18.7 MeV. Then, the generated neutron has the spectrum peak around 3.3-4.3 MeV corresponding to the difference between the peak energy and the neutron threshold energy. For the beryllium target, the spectrum has rather broad distribution due to the cross section shown in Fig. 5(d) . The event count of ðc; nÞ reactions for the beryllium target is much higher than for the carbon target. For the target thickness of 3 lm, the event counts are 10 3 for a carbon target and 10 4 for a beryllium target. This result shows the benefit of using beryllium targets for generating neutrons. The energy efficiency is 2 Â 10 À8 for 20 lm case. The absolute numbers of positrons and neutrons are not determined in 2D simulations, since the macro-particle represents the areal density. The integral of the cross section times the photon velocity distribution can be, however, evaluated using the ratio of the photon macro-particle to the positron or neutron macro-particles. The photon macro-particle number is expressed using the velocity distribution function, f ðvÞ, as N ph f ðvÞ with Ð f ðvÞdv ¼ 1. The event count of electron-positron pair creations, N pair , is also calculated using a photon distribution function as
Here, rðvÞ; L, and n at denote the cross section of the reaction, the target thickness, and the target atom density which is assumed to be uniform, respectively. As the result, we can obtain
which expresses the cross section averaged over the photon velocity distribution function. This value is evaluated as 1:26 Â 10 À27 cm 2 for carbon targets from the above simulations. In our previous 3D calculation on c-ray generation, 30 in which photon-matter interactions were not included yet, the number of generated photons was 5 Â 10 14 when a laser pulse with energy of 150 J, duration of 30 fs, and a ¼ 150 irradiates a carbon target. Since the photon velocity distribution in 2D and 3D calculations are relatively similar, we can make a rough estimate of positron numbers to be observed in future experiments. When the laser pulse with the above mentioned parameters irradiates a carbon target with a thickness of 1 mm, the positron number to be generated is expected to be of the order of 10 10 with the efficiency of the order of 10 À3 . In the same manner, for neutron generation 083113-4 T. Nakamura and T. Hayakawa Phys. Plasmas 22, 083113 (2015) This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
using a beryllium target, the averaged cross section is calculated as 0:024 Â 10 À27 cm 2 . This leads to that the neutron number of 10 8 with the efficiency of $10 À5 for a 1-mm thick beryllium target. This crude estimate will be checked by 3D simulation in the future work.
III. SUMMARY
These numerical analyses lead to the proposal of new quantum beam sources using an ultra-intense laser pulses, which will be realized in the future. 31 It was shown that short and intense c-ray beams are generated by irradiating the ultraintense laser pulses on thin foil targets. 15, 16 By using thick targets, we can generate quasi-mono-energetic collimated positron beams having energies of hundreds of MeV with high efficiency. In the proposed scheme, c-rays' characteristics such as high efficiency ($30%) and having spectral peak around MeV are utilized and lead to the positrons generation with the above favorable features. Also when choosing a beryllium target, intense neutron beams are effectively generated. These quantum beam species, i.e., c-rays, positrons, and neutrons, are selectively generated by choosing target conditions and materials, which is also another advantage of this quantum beam source. The short-pulse intense c-ray and neutron sources are very useful for investigation explosive phenomena such as photon induced reactions in supernovae. 23, 24 and neutron bursts 25 in astrophysics. In supernovae, c-rays with energies of several MeV interact nuclei, and thereby, new isotopes are produced. 23, 24 An isotopic abundance anomaly measured in presolar grains in primitive meteorites suggests that a neutron burst happened before the solar system formation. 25 High energy positrons can be utilized as a source beam for electron-positron colliders. 32 Recently, position beam sources have been quickly developed for position annihilation methods for the material science. 26 Since positions are typically produced from c-rays, 27 laser driven intense position beams would be alternative powerful tools.
In conclusions, we have shown that laser-driven c-rays generated via the radiation reaction effect can be applied for the generation of positron and neutron beams using photonatom and photo-nuclear reactions. We can propose new sources of c-rays, positrons, and neutrons with unique features which are selectively generated by using ultra-intense laser pulses in the future experiments. These novel sources will improve various fundamental sciences.
